Ti6Al4V alloy is the most widely used titanium alloy due to its attractive properties such as heat resistance, strength, plasticity, toughness, formability, weld-ability, corrosion resistance and biocompatibility. However, the main problem with titanium and its alloys is that they have poor tribological performance. Boriding seems to be the effective way to improve the tribological performance of titanium alloys. Titanium borides have an attractive combination of low density, high hardness, excellent wear, and corrosion resistance. In this study, Ti6Al4V alloy was borided in a solid media at 1100
Introduction
The first Ti6Al4V alloy was successfully produced in 1954 in the United States. Ti6Al4V alloy is provided with heat resistance, strength, plasticity, toughness, formability, weld-ability, corrosion resistance and biocompatibility, so it has been widely used in various fields. Many other titanium alloys can be regarded as modified Ti6Al-4V alloy. At present, hundreds of kinds of titanium alloys have been developed in the world, and the most famous alloys consist of 20-30 types. Ti6Al4V titanium alloy's consumption accounted for the 75-85% among all kinds of titanium alloys [1] [2] [3] .
Titanium and its alloys are widely used in many biomedical applications, areas of aerospace, marine, chemical, power and automotive industries etc. Aerospace applications account for 80% of that usage, its level of use in chemical, petrochemical, and sports applications is increasing. Although densities of aluminum (2.7 g/cm 3 ) and magnesium (1.7 g/cm 3 ) are wellknown, density of titanium, which is relatively less-known (4.5 g/cm 3 ), is approximately 60% of iron. However, it does not seem possible to replace steels and other hard metals for contact and wear-resistant applications where high surface hardness and wear resistance are required. The main problem with titanium and its alloys is that their poor tribological performance properties limit their applications in related industries [4, 5] .
Surface modification seems to be the effective way to improve the tribological performance of titanium alloys. Ceramic coatings could improve the surface properties. Especially, TiN, TiC, TiB and TiB2 ceramics have an attractive combination of low density, high hardness, ex- * corresponding author; e-mail: aisitan@pau.edu.tr cellent wear resistance and corrosion resistance. Titanium borides are well-known for their high hardness and excellent wear resistance in many tribological systems. These characteristics make boronizing an excellent candidate for surface modification of titanium alloys [6] [7] [8] [9] [10] [11] .
In this study, solid boronizing method was used to boronize Ti6Al4V alloy and wear behavior of boronized Ti6Al4V alloy was investigated through a series of experiments.
Materials and method

Boriding of Ti6Al4V alloy
Ti6Al4V alloy which widely used in many biomedical application was boronized in a solid media which is the mixture of B 4 C, KBF 4 and Al at 1100
• C for 20 h. After boronizing process, specimens were grinded with 100, 240, 400, 800, 1000 and 1200 grids of SiC papers. The section was then polished via a 6 mm diamond paste followed by a 3 mm diamond paste. Finally, 1 mm alumina was applied at the end of the polishing process. After polishing, the samples were etched with Kroll's reagent. The chemical composition of Ti6Al4V alloy is shown in Table I . The thickness of borided layers was investigated by scanning electron microscope (SEM). X-ray diffraction (XRD) was used to determine the elements of coating. 
Hardness and wear tests of borided Ti6Al4V alloy
The wear tests were carried out in accordance with ASTM standard G99 using a pin-on-disc configuration under dry and simulated body fluid (SBF) conditions. G99 standard test method explains how to carry out wear testing with a pin-on-disk apparatus. Two specimens are required for the pin-on-disk wear test. One of this is a pin with a radiused tip, is positioned perpendicular to the other, usually a flat circular disk. The pin specimen is pressed against the disk at a specified load usually by means of an arm or lever and attached weights. Wear results are reported as volume loss in cubic millimeters [12] . Specimens from Ti6Al4V cylinder have been used as φ10 × 25 mm 2 pins, while AISI 52100 material has been used on also φ60 × 16 mm 2 disks. The hardness of disk material has been determined to be 60 HRC at the end of the quenching in oil after austenitizing.
Wear test apparatus is shown in Fig. 1 . Wear tests were performed at 2 m/s constant sliding speed. Experiments were performed applying three different loads (100, 200, and 300 N) at three different sliding distances (600, 900, and 1200 m) under dry and SBF. In literature, Ringer's solution has been used for simulating human body environment of orthopedic implants. In experimental study, Ringer's solution was preferred as SBF under wet sliding conditions. Composition of the Ringer's solution is given in Table II . 
Results and discussion
Microstructure of boronized Ti6Al4V alloy
Metallographic cross-section of boronized Ti6Al4V alloy and XRD pattern is shown in Fig. 2 . The SEM image of borided Ti6Al4V alloy shows that two-phase boride layer was produced on Ti6Al4V surface during solid boriding process. XRD pattern confirmed the presence of TiB and TiB 2 phases on surface of Ti6Al4V alloy. The obtained boride layer had a thickness of approximately 15 mm. 
Hardness and wear behavior of borided Ti6Al4V alloy
The microhardness from surface to interior of specimen was measured by a standard Vickers microhardness tester under 50 g load. Microhardness profile of boronized Ti6Al4V is given in Fig. 3 . The hardness of untreated Ti6Al4V is approximately 330 HV. The hardness value increased to 2789 HV after boronizing process. The highest hardness was obtained at top of boronized Ti6Al4V surface. The boron diffusion zone was measured to be approximately 250 µm. Figure 4 shows that SBF causes more volume loss on unborided Ti6Al4V alloy than dry sliding conditions under all test parameters. Titanium and its alloys are considered to have poor oxidative wear resistance when "tribochemical" reactions occur at the contact area [13] . It has been reported that corrosion is an accelerating factor on the wear behavior on these alloys [14] . Apart from its lubricating action, SBF may also cause electrochemical reaction on the surface of the titanium alloy which can accelerate volume loss. These results indicate that the tribological factors in the body are different than out of body. In other words, implants contact body fluid can be exposed more wear than implants used outside of the body. In addition, volume loss was increased with increasing sliding distance. As can be seen in Fig. 5 , boronized Ti6Al4V alloy was worn less than unborided Ti6Al4V alloy under all tests parameters for dry sliding conditions. The highest volume loss was obtained approximately as 0.15 mm 3 for borided Ti6Al4V and 1.9 mm 3 for untreated Ti6Al4V under 30 N load and 1200 m sliding distance parameters. Consequently, borided alloy has higher wear resistance approximately 13 times than the unborided alloy under these conditions. Wear behavior of borided and unborided Ti6Al4V under SBF conditions can be shown in Fig. 6 
Conclusion
This study investigated that hard ceramic coating obtained by boronizing process significantly decreases the level of wear of the Ti6Al4V alloy. SEM images and XRD patterns confirmed the presence of TiB and TiB 2 phases on the surface of Ti6Al4V alloy. Besides, hardness of surface has increased from 330 HV to 2789 HV after boronizing process. The wear resistance of boronized Ti6Al4V alloy is higher than untreated Ti6Al4V alloy. When compared with the dry and SBF conditions, SBF causes higher volume loss for unborided Ti6Al4V alloy. In other words, implants contact body fluid can be exposed for more abrasion than implants used outside of the body. It is understood that boronized Ti6Al4V alloy may be an excellent candidate for tribological systems.
